During meiosis in C. elegans, unpaired chromosomes and chromosomal regions accumulate high levels of histone H3 lysine 9 dimethylation (H3K9me2), a modification associated with facultative heterochromatin assembly and the resulting transcriptional silencing (2) poorly paired X chromosomes that occur in him-8 (high incidence of males) mutants, and (3) an unpaired autosomal fragment, sDp3. Each type of unpaired DNA became enriched in H3K9me2 during meiosis in wildtype (ego-1(+)) animals and ego-1(0)/+ heterozygotes, but failed to do so in ego-1(0) null mutants (Figures 1A-1C) . H3K9me2 accumulation was also defective in males carrying an ego-1 point mutation in a conserved residue in the RdRP catalytic domain in trans to a null allele (designated ego-1(RdRP/null)) (data not shown).
(2) poorly paired X chromosomes that occur in him-8 (high incidence of males) mutants, and (3) an unpaired autosomal fragment, sDp3. Each type of unpaired DNA became enriched in H3K9me2 during meiosis in wildtype (ego-1(+)) animals and ego-1(0)/+ heterozygotes, but failed to do so in ego-1(0) null mutants ( Figures 1A-1C ). H3K9me2 accumulation was also defective in males carrying an ego-1 point mutation in a conserved residue in the RdRP catalytic domain in trans to a null allele (designated ego-1(RdRP/null)) (data not shown).
In wild-type hermaphrodites, H3K9me2 staining is briefly elevated on autosomes in mid-to-late pachytene and diplotene stages. This transient accumulation is excluded from paired X chromosomes, which undergo activation during oogenesis [1, 2] . In ego-1(0) hermaphrodites, we still observed a low level of H3K9me2 accumulation on autosomes ( Figure 1B ; data not shown). We conclude that EGO-1 activity is required for H3K9me2 enrichment on unpaired chromosomal regions during pachytene stage of meiosis, but not for accumulation on autosomes in later stages.
rrf-3(0) mutants have a temperature-sensitive germline phenotype [12] ; therefore, we assayed H3K9me2 targeting in rrf-3(0) mutants raised at restrictive (25°C) temperature. We consistently observed H3K9me2 targeting to the male X in these animals (see Figure S1 in the Supplemental Data available with this article online). Strikingly, H3K9me2 staining persisted in rrf-3(0) mutants substantially longer than in wild-type, remaining strong in primary spermatocytes ( Figure S1 ). H3K9me2 is normally depleted from chromatin by the time primary spermatocyte nuclei begin to visibly condense and before other modifications are extensively depleted from the autosomes ( Figure 1A ; Figure S1 ; [2] ). The temperature-sensitive fertility defects in the rrf-3(0) mutants may correlate with the aberrant chromatin regulation that we observe in these animals. H3K9me2 accumulation during meiosis was normal in rrf-1(0) and rrf-2(0) males (data not shown).
Regulation of Repetitive DNA Arrays in the ego-1 Mutant Germline C. elegans transgenes are often generated as multicopy, extrachromosomal arrays [14] . Expression of such transgenes is typically detected in the soma, but not in the germline [2, 15] . Germline-silenced arrays accumulate a high density of H3K9me2 during pachytene stage (similar to the male X) and do not accumulate "active" chromatin modifications, e.g., H3 methylated on lysine 4 (H3K4me) [2] . We investigated whether EGO-1 is required for H3K9me2 accumulation on a repetitive extrachromosomal array, ccEx7291, and a repetitive array fused to a chromosomal fragment, svDp1. Strong H3K9me2 staining of both arrays was seen in wild-type and ego-1(0)/+ animals, but not in ego-1(0) animals ( Figure 2A) . Therefore, EGO-1 activity is critical for targeting H3K9me2 to unsynapsed, repetitive arrays. We note that these transgenes are not likely to be fully paired with any partner during meiosis. Figure S1 ). In ego-1 mutant males, the condensed X chromosome is distinct in DAPI-stained preparations but fails to accumulate a bright focus of H3K9me2 staining (arrows). This result is consistent with previous work showing that condensation of the male X can occur in the absence of H3K9me2 enrichment [1] . Weak H3K9me2 staining is visible on all chromosomes. We note that occasional ego-1 nuclei had one or more brighter foci of staining that did not seem to localize to the X, suggesting that EGO-1 activity may also prevent inappropriate H3K9me2 accumulation on autosomes. (Figure 2B ). Therefore, DCR-1 does not seem to be required for H3K9me2 accumulation during meiosis. One caveat is that these dcr-1(0) mutants were derived from dcr-1(0)/+ heterozygous mothers and therefore had inherited maternal product. Embryos lacking both maternal and zygotic DCR-1 arrest during early development and cannot be assayed for defects in germline chromatin (data not shown).
We evaluated the importance of another RNase IIItype nuclease, Drosha [26] . H3K9me2 staining was normal in drsh-1(0) males and drsh-1(0);him-8 hermaphrodites derived from drsh-1/+ mothers, and in animals where maternal and zygotic Drosha was knocked down by RNAi (data not shown). Therefore, Drosha activity does not appear to be to be required for meiotic H3K9me2 accumulation.
We otic chromosome segregation defects [13] . They also severely reduce H3K9me2 accumulation on the male X chromosome and delay the transient H3K9me2 accumulation on hermaphrodite autosomes [13] . HIM-17 is a novel protein with several copies of the THAP domain implicated in DNA binding [13] . Since mutations in ego-1 and him-17 disrupt H3K9me2 enrichment of the male X chromosome and cause defects in early meiosis, we looked for a genetic interaction between them.
Wild-type C. elegans hermaphrodites produce sperm during the L4 larval stage and switch to oogenesis at the time of the adult molt. At 24 hr post-L4 stage, the wild-type hermaphrodite gonad contained 589 (±21; n = 2) mitotic/early meiotic germ cells (including oocytes) and a reserve of >100 sperm ( Figure 3A) . (Figure 3D, inset) . By 48 hr post-L4 stage, only~2% of ego-1;him-17 germ lines contained any oocytes (n = 54). The absence of oocytes may reflect either a sex determination defect (failure to make the sperm-to-oocyte switch) or the small germline (which does not produce sperm on schedule). ego-1;him-17(0) males also had small germlines and irregular sperm nuclei (data not shown).
We examined H3K9me2 accumulation in ego-1;him-17 germlines to determine whether H3K9me2 levels were further reduced beyond either single mutant, but the abnormal chromosome morphology made it difficult to determine how the staining pattern was affected. The overall pattern appeared to be aberrant. A low level of H3K9me2 staining was seen, particularly in the middle and proximal end of the germline where meiotic nuclei are typically present, and some highly condensed nuclei were more brightly stained (data not shown).
EGO-1 Protein Is Enriched in the Nuclear Fraction of Cell Lysates
We used affinity-purified anti-EGO-1 polyclonal antibodies to assay for EGO-1 in nuclear extracts (see Supplemental Experimental Procedures). These antibodies do not work for immunofluorescence studies with a variety of fixation conditions, but they performed well in protein blots [11] . We prepared nuclear-enriched and total cellular protein extracts and performed Western blots with anti-EGO-1, anti-lamin (a nuclear control), and anti-myosin (a cytoplasmic control) antibodies, and we quantified the results. Most of the total cellular EGO-1 protein was detected in the nuclear extract, as would be expected if EGO-1 directly interacts with chromatin ( Figure S3 ).
Role of EGO-1 in Meiotic Silencing
We find that EGO-1 activity is required for H3K9me2 enrichment on unsynapsed chromosomal regions during meiosis in C. elegans. This process appears to be dependent on an RdRP but independent of Dicer, and thus to be distinct from the mechanism of heterochromatin assembly described in S. pombe in which both RdRP and Dicer activities are required [3, 8] . Recognition/ repression of unpaired DNA in meiosis occurs in diverse species [3, 4] and may protect against spurious recombination and/or significant changes in the ordered sequences along homologs. Meiotic silencing may also protect the germline from expression/movement of foreign DNA that has inserted into the genome and transposable genetic elements that have been mobilized. As such, meiotic silencing may complement RNA silencing mechanisms that repress the movement of transposable genetic elements via a posttranscriptional process [33] .
It is unclear how unpaired DNA is recognized and repressed, and evidence suggests that different mechanisms may act in different species [3, 4] . Mammals use a chromatin-based mechanism that includes H3K9me2 and other histone modifications [4] . In contrast, N. crassa uses a mechanism that is thought to be posttranscriptional [3, 5] . Intriguingly, the N. crassa mechanism requires an RdRP, SAD-1, whose function is essential for meiosis. Perhaps EGO-1 participates in an ancient chromatin-based genome defense mechanism that has been adapted for essential germ cell processes. Indeed, gene expression profiling suggests that EGO-1 activity ultimately represses expression of genes whose activity may be detrimental to germline function and upregulates expression of genes whose activity is critical for germline function (V.E.V., V. Reinke, and E.M.M., unpublished data). It will be interesting to determine whether EGO-1 activity regulates the pattern of chromatin assembly at the repressed genes.
Although we detected only the gross level changes in H3K9me2 accumulation in ego-1 germ cells, we expect that changes also occur at autosomal sites too scattered for detection by our methods. ego-1 and him-17 single mutants have subtly different defects in H3K9me2 accumulation (this study; [13] ); therefore, EGO-1 and HIM-17 may regulate heterochromatin assembly at overlapping, but nonidentical, sets of chro-mosomal sites. The ego-1;him-17 phenotype may arise from the presence of a larger number of misregulated sites in the double mutant and/or additive defects from their nonoverlapping roles in other processes.
We propose two alternative models for how EGO-1 might target H3K9me2 to unpaired DNA (Figure 4) . In both models, an RNA polymerase transcribes unpaired DNA, perhaps through unregulated initiation. EGO-1, in a complex with an RNA helicase (RHA-1) analogous to the RdRC complex in S. pombe [34] , recognizes and binds the RNA as it is synthesized. RHA-1 is also required for H3K9me2 accumulation in C. elegans germ cells, but only at elevated temperatures, perhaps reflecting a purely structural role in this process [35] . In one model, EGO-1 converts ssRNA to dsRNA, which then triggers assembly of a RITS-type complex that promotes formation of H3K9me2 modifications, as proposed in other systems (see [8] ). This model is supported by our finding that H3K9me2 accumulation is disrupted in ego-1(RdRP/null) putative catalytic mutants. The dsRNA may not require cleavage by a Dicertype activity, perhaps reflecting a nonprocessive RdRP activity similar to that described for N. crassa QDE-1 in vitro [36] . In an alternative model, EGO-1 acts as a scaffold protein, bringing the chromatin-modifying machinery into proximity with unpaired DNA through its interaction with the transcript. There is ample precedent for the involvement of noncoding transcripts in facultative heterochromatin assembly, from X-inactivation to epigenetic imprinting [ 
